Abstract mRNA decay is an essential and active process that allows cells to continuously adapt gene expression to internal and environmental cues. There are two mRNA degradation pathways: 3′ to 5′ and 5′ to 3′. The DCPS protein is the scavenger mRNA decapping enzyme which functions in the last step of the 3′ end mRNA decay pathway. We have identified a DCPS pathogenic mutation in a large family with three affected individuals presenting with a novel recessive syndrome consisting of craniofacial anomalies, intellectual disability and neuromuscular defects. Using patient's primary cells, we show that this homozygous splice mutation results in a DCPS loss-of-function allele. Diagnostic biochemical analyses using various m 7 G cap derivatives as substrates reveal no DCPS enzymatic activity in patient's cells. Our results implicate DCPS and more generally RNA catabolism, as a critical cellular process for neurological development, normal cognition and organismal homeostasis in humans.
Introduction
Human mRNAs contain a modified 5′ cap that is generated cotranscriptionally. This structure is made of a guanosine methylated at position 7 linked to the first transcribed nucleotide by a 5′-5′ triphosphate (1) . The cap structure, marking the bona fide 5′ end of cellular and some viral mRNAs, plays an important role by facilitating pre-mRNA splicing and mRNA exportation to the cytoplasm, before promoting translation initiation (2) . This landmark also protects mRNA from degradation by nucleases (3) . mRNA decay is, however, an essential process that allows cells to continuously adapt gene expression to internal and environmental changes. The cap structure needs to be eliminated as part of RNA turnover giving rise to free m 7 G cap (di-) nucleotides as end-products. The two major mRNA degradation mechanisms described in human cells result in the production of different cap derivatives (4) . The first process involves the severing of the triphosphate linkage of the cap by the DCP2 (MIM609844) decapping enzyme yielding m 7 GDP (5-7). The second process entails the 3′-5′ exonucleolytic degradation of the mRNA by the multisubunit exosome (8) , releasing free cap (m 7 GpppN) which is degraded by the scavenger decapping enzyme DCPS (MIM610534) (9) . This hydrolase, belonging to the HIT protein family, cleaves m 7 GpppN into m 7 GMP and NDP (10) . DCPS was also recently shown to be involved in the elimination of m 7 GDP formed by DCP2 (11) . DCPS is thus a major factor involved in the elimination of cap residues generated by mRNA degradation with an estimated number of 250 molecules being produced per minute in mammalian cells (12, 13) . This enzyme is evolutionarily conserved in eukaryotes, underlying its importance for basic cellular RNA homeostasis. No diseases or mutations have yet been reported in the DCP2 or DCPS enzymes in humans.
Results

Clinical presentations of patients diagnosed with a novel autosomal recessive disorder
We studied a Jordanian inbred family consisting of three affected boys III-1, III-2 and III-6 with an unknown syndrome born to unaffected consanguineous parents (Fig. 1A ). The three propositi had birth weights below the 5th percentile ranging from 2.3 and 2.9 kg. All presented with similar congenital muscle hypotonia with severe growth delay as measured by height, weight and occipital head circumference at birth and during infancy. Brain structures were normal by MRI scans although all affected cases had mild microcephaly (Table 1 and Supplementary Material, Fig. S1 ). Developmental milestones including motor skills such as sitting, walking and linguistic acquisition were also significantly delayed. At age 7, proband (III:1) only spoke a few words, walked with ataxic gait and could not stand for long periods of time (Supplementary Material, Video S1). Mild facial dysmorphisms including flat face with deep-set eyes, low-set ears, simple helices, small nose and mouth were observed ( Fig. 1B and Supplementary Material, Fig. S1 ). Other symptoms documented in all three patients include joint laxity, partial syndactyly, brachydactyly and sandal gap pointing to skeletal anomalies (Supplementary Material, Fig. S1 ). Skin hypopigmentation and atrial septal defects were also recorded for all three propositi ( Table 1) . None of these clinical phenotypes were observed in the non-affected family members. The overall clinical presentation consisting of severe growth delay, craniofacial anomalies, cognitive impairment and mild skeletal defects did not match with previously described syndromes suggesting that this may be an unrecognized congenital recessive disorder.
Mapping and deep sequencing identifies a recessive splice site mutation in DCPS gene
To find the causative allele for this apparently novel syndrome, we performed identical by descent homozygosity mapping following single-nucleotide polymorphism (SNP) genotyping of nine individuals consisting of the four unaffected parents and their five children. Only one identical-by-descent (IBD) locus consisting of 5.9 Mb on chromosome 11q was found to be homozygous and shared in the three affected cases but not in parents or unaffected sibs (Fig. 1C) . Whole-exome sequencing of proband (III:1), followed by bioinformatics filtering, identified 33 proteinchanging variants with population minor allele frequencies <1%. Only one variant was located in the candidate Chr. 11 q24.2 locus (Supplementary Material, Table S1 ). This private SNP resulted from the transition of a thymine into cytosine in the first splice donor site (c.201+2T>C) of intron 1 of the DCPS gene. This mutation disrupts a restriction site for endonuclease Kpn1. Sanger sequencing and Kpn1 restriction digest confirmed complete segregation with the disease. The unaffected sib (III:7) is homozygous non-carrier, unaffected sib (III:8) and parents are heterozygous carriers, and the three propositi are homozygous mutant. This nucleotide is evolutionarily conserved in all DCPS homologues and is part of the canonical GU sequence required for the recruitment of the major spliceosome. Our mapping and sequencing results suggest that this potentially novel congenital syndrome may be caused by a pathogenic recessive splice site mutation in DCPS, encoding the scavenger decapping enzyme.
The DCPS mutation abrogates transcription of canonical, but not all, DCPS isoforms A single spliced DCPS transcript is reported in public databases and comprises all six annotated exons (Fig. 1D) . The presence of this homozygous donor splice site mutation is likely to give rise to different transcript isoforms. Relative to the canonical transcript referred to as isoform 1, a putative second isoform 2 may arise due to the presence of a second cryptic splice donor sequence 19 nucleotides downstream of exon 1 ( Figs 1D and 2A ) which would result in the in-frame insertion of 7 amino acids ( p.K67_V68insAPGGNPE). In the event that this second splice site was not recognized by the spliceosome, a hypothetical isoform 3 may be transcribed until the in-frame stop codon located 40 nucleotides downstream of exon1 ( Figs 1D and 2A) .
Using primary cells derived from skin biopsies taken from each affected patients and one unaffected carrier (II-2), we performed a series of cellular assays to determine the pathogenicity of this splice site DCPS mutation. Quantitative PCR performed on dermal keratinocytes detected reduced levels of DCPS transcripts in heterozygous and homozygous mutant cells relative to control cells. The differences observed were consistent with the DCPS genotype (Fig. 2B) . Likewise, QPCR performed on dermal fibroblasts confirmed the significant reduction of endogenous DCPS levels in both patients III:2 and III:6 relative to control cells which were taken from an age-and gender-matched healthy Jordanian (Fig. 2C) . To identify what are the DCPS transcripts present in the patients' cells, primer sets were designed to distinguish isoforms 1, 2 and 3 ( Fig. 2A and D and Supplementary Material, Table S2 ). Sanger sequencing of all amplicons derived from patients' and control cDNA revealed the presence of the major canonical isoform 1 only in control cells but not in mutant cells. Unexpectedly, isoform 2 was seen in all genotypes (Fig. 2D ). This indicates that the second cryptic splice site can be recognized in both cell types even when the canonical donor splice site of exon1 is not mutated. While it represents a minor form in control cells, isoform 2 is the sole transcript seen in patients' cells (Fig. 2D ). Isoform 3 ( Fig. 2D and Data not shown) could not be amplified, but we reasoned that this may be due to the action of nonsense-mediated decay (NMD) resulting from the inclusion of a premature termination codon (PTC) located in intron 1. To test this hypothesis, patients' and control fibroblasts were treated with cycloheximide (CHX), a translation inhibitor that blocks the NMD pathway (14) . Levels of DCPS transcripts monitored by QPCR did not change, suggesting that isoform 3 may not exist (Fig. 2E ).
We next assessed the consequences of having two DCPS isoforms on the synthesis of the DCPS enzyme in patients' cells. By western blotting using a rabbit polyclonal anti-DCPS antibody, DCPS corresponding to the canonical isoform 1 was readily Alternative cryptic splice site (underlined) and an in-frame premature termination codon (overlined) are detected 19 and 40 bp downstream of exon 1, respectively. detected in control keratinocytes and fibroblasts but was entirely absent in mutant cells (Fig. 2F) . A slight change in its apparent size was seen between the two control cell types which may be explained by DCPS-specific post-translational modifications such as acetylation (15) (16) (17) . The father's cells (II:2) exhibited nearly half the amount of DCPS isoform 1 relative to control cells (Fig. 2F) . A longer exposure of the same blots revealed trace amounts of a slightly larger DCPS isoform likely representing the 7 amino-acid in-frame insertion translated from isoform 2 (Fig. 2F ). Mass spectrometry performed on cell lysates of patient III:6 confirmed that it was indeed DCPS (data not shown). These results suggest that the discovered splice site mutation completely abolished the translation of the canonical and most abundant DCPS isoform 1. However, we find that the minor isoform 2 is still produced resulting in the synthesis of a larger DCPS enzyme which differs only by one residue (p.V68A) between control and mutant cells. We conclude that the splicing machinery can occasionally skip the canonical donor site and splice at the newly identified cryptic site, albeit at a much lower frequency. By immunofluorescence, we found that in primary fibroblasts, staining for DCPS in the nucleus was lost in mutant cells relative to control cells (Fig. 2G) . Taken together, these results suggest that this rare splice site mutation in DCPS causes aberrant splicing resulting in the complete absence of the major DCPS isoform 1, leaving trace amounts of a novel DCPS isoform 2 carrying a homozygous (p.V68A) missense mutation.
Patients' cells lack detectable DCPS enzymatic activities
To determine if the minor DCPS isoform 2, either wild-type and p. V68A mutant form, have any biological function, we compared their enzymatic activities relative to that of the major DCPS isoform 1. To this end, we overexpressed and purified the recombinant N-terminally GST tagged isoforms from Escherichia coli (Fig. 3A) . The mutant p.V68A isoform 2 of DCPS displayed a strongly reduced in vitro activity towards its substrate compared with that of canonical DCPS isoform 1 (Fig. 3B) . The wild-type isoform 2 was only slightly more active than the mutant isoform 2 and clearly less active than isoform 1 (Fig. 3B) .
To obtain definitive evidence that this allele abrogates endogenous DCPS enzymatic activity, we next analyzed the fate of exogenous cap molecules incubated in extracts from patients or control cells. Extract from control cells hydrolyzed radioactively labeled m 7 GpppG, producing m 7 GMP (Fig. 3C, lane 2) which was further processed into inorganic phosphate as previously reported (9) . In contrast, m 7 GpppG incubated in lysates obtained from two affected individuals remained stable (Fig. 3C, lanes 3 and 4) indicative of an absence of detectable DCPS enzymatic activity. Similar results were obtained using radiolabeled m 7 GpppGm 2 ′ (Fig. 3C, lanes 7-8) which is the natural cap of human mRNAs (1). These results demonstrate that natural cap derivatives generated by the 3′-5′ mRNA decay mechanism is a substrate of DCPS and that it cannot be catabolized in the extract of fibroblasts from affected patients. In the presence of ATP, incubation of m 7 GDP with cell extracts containing functional DCP2 results in efficient conversion into m 7 GTP (Fig. 3D, lanes 6-8) . Secondary to its known function of degrading the free cap m 7 GpppN, DCPS is also known to cleave m 7 GTP into m 7 GMP (11, 18, 19) . While the control extract were capable of cleaving m 7 GTP into m 7 GMP, such observations were absent in extracts taken from affected individuals (Fig. 3D , compare lane 6 with 7 and 8). This result demonstrates that all extracts are functional being able to phosphorylate m 7 GDP in m 7 GTP. However, patient extracts are specifically defective in DCPS activity that cleaves m 7 GTP into m 7 GMP. Altogether, these biochemical results demonstrate that cells from affected patients lack detectable DCPS enzymatic activity resulting in defective processing of cap derivatives generated by the 3′-5′ and 5′-3′ RNA decay mechanisms.
Discussion
In this report, we delineate a novel clinical entity which we suggest to refer to as Al-Raqad syndrome (ARS). ARS is a recessive congenital disorder with anomalies in multiple organs. Its most salient phenotypes comprise severe growth delay, neurological defects, cognitive impairment, skeletal and cardiac anomalies. Its genetic etiology can be attributed to homozygous loss-offunction alleles in the DCPS gene (MIM608183). The accompanying report by I. Ahmed et al. (2015) independently confirmed that a distinct homozygous splice mutation in intron 4 (c.636+1G>A) or a compound heterozygous mutation in DCPS also cause neurological deficits in three affected individuals of Pakistani origin. We note that the patient's phenotypes differ in severity between the two families, possibly reflecting on the hypomorphic nature of the Pakistani allele. A similar situation exists in mice where a Dcps mouse knockout is reported to be embryonic lethal (20) while a mutant Dcps mouse line, referenced at the Mouse Genome Informatics (MGI:1916555) is viable but phenotypic information is unavailable. No DCPS mutants have been reported for Drosophila or zebrafish but in Caenorhabditis elegans, knockdown of its homologue dcs-1 increased spontaneous mutation rate favoring the accumulation of genetic lesions (21) . Recent findings indicate that a second enzyme FHIT (MIM601153) is also working in the same mRNA scavenging pathway (11) . Partial redundancy between DCPS and FHIT might limit the phenotypic consequences of a DCPS loss-of-function mutation. Given the implication of FHIT in cancer (22) and the fact that dcs-1 increases genomic instability in C. elegans (21), it will be of interest to test whether inactivation of both DCPS and FHIT results in higher mutation rates and/or of cancer incidence.
At the molecular level, the absence of DCPS will result in accumulation of cap derivatives generated by mRNA decay. These by-products may impair splicing, mRNA nuclear export and/or translation (2), thus impacting on cell function. It is possible that neurons have less capacity to eliminate these by-products and/or are more sensitive to the long-term consequences of the cellular damage that they produce. Moreover, m 7 GTP, generated by conversion of m 7 GDP produced by the 5′-3′ mRNA decay mechanism, could affect GTP-dependent processes, in particular some affecting neurons, such as tubulin polymerization and/or signal transduction by GTPases. The presence of m 7 GTP may also lead to the synthesis of mRNA containing modified bases. Interestingly, accumulation of m 7 G in mRNA was noticed in cells from patients suffering from Huntington's disease (23) connecting the presence of this abnormal base in nucleic acid with neuronal degeneration leading to motor and cognitive troubles. DCPS activity has also been associated with the regulation of mRNA degradation by XRN1 (24, 25) and the function of the SMN protein (26) . In particular, inhibition of DCPS activity was reported to improve the motor function of mouse models of SMA (27, 28) . It is possible that alteration of DCPS in a context were SMN is fully functional in all tissues negatively impact on the balance of DCPS/SMN activities with detrimental consequences on neuronal functions.
Materials and Methods
Patients and clinical assessments
The affected children were initially diagnosed at Queen Rania Paediatric Hospital in Amman (Jordan) by Dr Mohammad Al-Raqad. Saliva samples were collected from nine members of these kindred and genomic DNAs were extracted using Oragene OG-500 kit. Skin biopsies were obtained from the three affected patients (III:1, III:2 and III:6) and the unaffected father (II-2). Parents gave their informed consent and the study was approved by the local ethic commissions in Jordan and Singapore.
Genotyping and homozygosity mapping
The four unaffected parents and their five offspring were genotyped using Illumina HumanCoreExome-12v1 BeadChips following manufacturer's instructions. Call rates were above 99%, gender and relationship were verified using Illumina Genome Studio software. Identical-By-Descent (IBD) mapping was performed by searching for shared regions that are homozygous in the three affected individuals using custom programs written in Mathematica (Wofram Research, Inc.). Allowing 1% error rate, all homozygous regions that were >1 Mb were examined. Candidate regions were further refined by exclusion of common homozygous segments with any unaffected family members. A single shared homozygous region totaling 5.9 Mb was found on chromosome 11: 125 850 139-131 777 294 (hg19).
Whole-exome sequencing
Whole exome sequencing of patient III:1 was performed on the Illumina HiSeq2000 platform according to the manufacturer's condition to get 100 bp paired-end reads. The sequence reads were aligned to the human genome reference UCSC version hg19 (build 37). After the duplicated reads were removed, Genome Analysis Toolkit (GATK, v1.1) (29) was used to re-align indels and improve alignment accuracy, followed by variant calling across the RefSeq protein coding exons and flanking exon-intron junctions. An average coverage of ×64 was achieved across the exome with 86% of these bases covered at >×9. A total of 19 100 small nucleotide variants and 870 indels were identified. Of these, only 33 homozygous variants were protein-changing variants with population minor allele frequencies <1%.
Mutation analysis
Direct Sanger sequencing of genomic DNA flanking the DCPS mutation was performed according to its sequence found on GenBank and Ensembl databases. The primer sequences for DCPS (NM_014026) mutation screening are given in Supplementary Material, Table S2 . Sequence analysis was done with the BigDye Terminator cycle sequencing kit (Applied Biosystems, Foster City, CA, USA), and products were run on a 3730 DNA Analyzer (Applied Biosystems).
Cell culture
Primary patient skin fibroblasts were cultivated in high glucose DMEM (Lonza) supplemented with 10% fetal bovin serum (FBS) (Lonza), ×1 penicillin/streptomycin and 2 m -glutamine. Primary dermal keratinocytes were grown in DermaLife ® K (Life Line Cell Tech). Media was replaced every other day. Fibroblasts were treated with media supplemented with 100 μg/ml cyclohexidine (CHX) and samples were collected at 0, 6 and 24 h.
Quantitative PCR
Total RNA was isolated from patient's fibroblasts and keratinocytes using the Trizol (Invitrogen) followed by RNeasy Mini Kit (Qiagen). One microgram of RNA was reverse transcribed using Iscript™ cDNA Synthesis Kit (Bio-Rad) and transcript levels were determined using the ABI Prism 7900HT Fast Real-Time PCR System (Applied Biosystems). Gene expression was normalized to the housekeeping gene HPRT1 or ACTB. Primer sequences can be found in Supplementary Material, Table S2 .
Statistical analysis
Each experiment was repeated at least three times and data were expressed as mean ± SD. Differences among treatments were analyzed by Student's t-test. Significant differences were considered as those with a P-value of ***<0.0001, **<0.001, *<0.01.
Western blot
Cells were lysed in RIPA extraction buffer supplemented with 1 m dithiothreitol (DTT) and 1X Protease Inhibitor Cocktail (Roche). Protein concentrations of cleared lysates were measured using the BCA assay before equal amount of protein were loaded on precast 10% SDS-polyacrylamide gels (Bio-Rad). Transferred PVDF membranes were blotted using antibodies against: 1:4000 mouse anti-GAPDH (Santa-Cruz; sc-47724) and polyclonal rabbit anti-DCPS (Sigma; HPA039632). Secondary anti-mouse-HRP and anti-rabbit-HRP were used at 1:4000 dilution before visualization on X-ray film with SuperSignal West Dura Chemiluminescent Substrate (ThermoScientific).
Immunofluoresence analysis
Primary cells were grown on a Nunc™ Lab-Tek™ 8-well glass chamber slide and fixed for 15 min in ice cold 4% (w/v) paraformaldehyde. Permeabilization using 0.6% (v/v) Triton-X in 1× PBS was performed for 15 min then incubated with 1:200 rabbit anti-DCPS (Sigma; HPA039632) overnight at 4°C in 4% (v/v) FBS diluted with 1× PBS. For visualization, secondary antibody conjugated to Alexa Fluor 594 (Molecular probes) was applied.
Counter staining for nuclei and F-ACTIN are performed using 1× Hoeschst stain and 1:50 phalloidin-488, respectively. Images were captured using the MetaMorph software and a stereomicroscope M205 FA equipped with an ICD camera from Leica.
Protein expression and purification
Plasmid pBS2498 was used for expression of GST-DCPS-His 6 (18) . The DCPS 7 amino acids insertion was introduced using the QuickChange Mutagenesis kit (Agilent). Oligonucleotides OBS6783-OBS6784 were used for the DCPS isoform 2 generating pBS5281 and OBS6789-OBS6790 for the DCPS isoform 2 V68A mutant yielding pBS5282. Primer sequences can be found in Supplementary Material, Table S2 . Recombinant proteins were expressed in E. coli BL21 (codon +) strain, grown in 200 ml of auto induction media terrific broth (Formedium™), and purified on Glutathione Sepharose 4B beads essentially following the supplier recommendation (GE Healthcare). Briefly, cell pellets were dissolved in 10 ml PBS 1× and, after cell break, clarified lysates were applied to 100 μl (bed volume) of beads. After 1 h incubation at 4°C with mild shaking, beads were washed three times with 10 ml PBS 1× and proteins eluted with 200 μl of reduced glutathione 10 m.
Preparation of cell extracts for DCPS assays
To prepare extracts, primary fibroblast cells from two affected patients and an unaffected sibling were grown to confluence in two 10-cm diameter plates. Cells were washed twice with cold PBS and resuspended in 500 µl buffer A (10 m HEPES-KOH pH 7.6, 10 m KCl, 1.5 m MgCl 2 , 0.5 m DTT, 0.5 m PMSF, 2 m Benzamidine, 1 µ Leupeptin, 2 µ Pepstatin A, 4 µ Chymostatin, 2.6 µ Aprotinin). Cell were broken in a Dounce homogenizer and lysates were centrifuged at 3000g (Beckman JA-25.50 rotor) for 5 min at 4°C, 450 µl of the supernatant were collected, mixed with 50 µl of 2  KCl and centrifuged at 20 000g in a 
In vitro DCPS enzymatic activity assays
Synthesis of RNA carrying a radioactively labeled cap and in vitro decapping reactions were performed as described (6) . To obtain a cap1 structure (m 7 GpppGm 2 ′), capped RNA was incubated with mRNA Cap 2′-O-Methyltransferase (NEB BioLabs) essentially according to the manufacturer's suggestions. To obtain radiolabeled m 7 GDP, m 7 GpppG or m 7 GpppGm 2 ′, the appropriate caplabeled RNAs were incubated with recombinant hDcp2 or nuclease P1 (Sigma-Aldrich), respectively. Reaction products were separated by Thin Layer Chromatography (TLC) in a developing solution made of 0.3 M LiCl, 1 M formic acid. m 7 GDP, m 7 GpppG or m 7 GpppGm 2 ′ spots were scraped off from the TLC plates and eluted in decapping buffer (45 m Tris-HCl, pH 8, 27 m (NH 4 ) 2 SO 4 , 49 m MgAc) for 40 min at room temperature with constant shaking. Insoluble TLC material was removed by centrifugation. For activity assays, 1000 cpm of m 7 GDP, m 7 GpppG or m 7 GpppGm 2 ′ were incubated with 1.5 µg of cellular extract for 60 min, or with the specified amount of recombinant protein for 10 min at 37°C in a 10 µl final volume. When indicated, ATP (final concentration 2 m) was added to the reactions. Reactions were stopped by phenol-chloroform extraction. Five microliters of supernatants were analyzed by TLC using the conditions described earlier.
Chromatograms were visualized with a PhosphorImager.
Supplementary Material
Supplementary Material is available at HMG online. 
